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The nucleotide binding protein 35 (Nbp35)/cytosolic Fe-S cluster deficient 1
(Cfd1)/alternative pyrimidine biosynthetic protein C (ApbC) protein homologs
have been identified in all three domains of life. In eukaryotes, the Nbp35/
Cfd1 heterocomplex is an essential Fe-S cluster assembly scaffold required
for the maturation of Fe-S proteins in the cytosol and nucleus, whereas the
bacterial ApbC is an Fe-S cluster transfer protein only involved in the matu-
ration of a specific target protein. Here, we show that the Nbp35/ApbC
homolog MMP0704 purified from its native archaeal host Methanococ-
cus maripaludis contains a [4Fe-4S] cluster that can be transferred to a [4Fe-
4S] apoprotein. Deletion of mmp0704 from M. maripaludis does not cause
growth deficiency under our tested conditions. Our data indicate that Nbp35/
ApbC is a nonessential [4Fe-4S] cluster transfer protein in methanogenic
archaea.
Keywords: ApbC; archaea; iron-sulfur cluster; Methanococcus maripaludis;
methanogen; Nbp35
Iron–sulfur (Fe-S) clusters are perhaps the oldest and
most versatile inorganic cofactors in biochemistry and
are essential in various fundamental cellular processes
in all domains of life [1–3]. The most common types
of biological Fe-S clusters are the [2Fe-2S], [3Fe-4S],
and [4Fe-4S] clusters. Although Fe-S clusters can be
synthesized abiotically with reduced Fe and S, living
organisms use complex protein machineries to make
Fe-S clusters. In general, the machineries at least
include a S donor, an Fe donor, and an Fe-S cluster
scaffold [4,5]. The S donor in most organisms is a cys-
teine desulfurase (a pyridoxal-50-phosphate-dependent
enzyme) that derives S from L-cysteine [6]. The physi-
ological Fe donor remains uncertain [7]. An Fe-S
cluster scaffold protein provides a molecular platform
for Fe and S to meet and form an intact cluster
de novo [8,9]. Then, the preformed cluster is delivered
to specific target apoproteins either directly from the
Abbreviations
AcnB, aconitase B; ApbC, alternative pyrimidine biosynthetic protein C; Cfd1, cytosolic Fe-S cluster deficient 1; CIA, cytosolic iron–sulfur
assembly; EPR, electron paramagnetic resonance; Nbp35, nucleotide binding protein 35.
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scaffold or indirectly through Fe-S cluster carrier pro-
teins [7].
The protein machineries for Fe-S cluster biosynthe-
sis are diverse in different organisms and also vary
depending on growth conditions. Bacteria have three
known machineries: the NIF (nitrogen fixation), ISC
(iron-sulfur cluster), and SUF (sulfur formation) sys-
tems [7,10,11]. The NIF system is responsible for the
maturation of nitrogenase in N2-fixing bacteria and is
also present in some other anaerobic and microaero-
philic bacteria. The ISC system serves as the
constitutive machinery in various bacteria (e.g.,
Escherichia coli). The SUF system in E. coli is induced
under Fe limitation and oxidative stress, whereas it is
the sole system in a number of other bacteria (e.g.,
mycobacteria and bacilli). Eukaryotes have the ISC
system in mitochondria [12] and the SUF system in
plastids [13]. These two systems were likely derived
from their prokaryotic ancestors by endosymbiosis.
Additionally, eukaryotes possess a cytosolic Fe-S
assembly (CIA) machinery essential for the maturation
of Fe-S proteins in the cytosol and nucleus [14].
The eukaryotic nucleotide binding protein 35
(Nbp35) and cytosolic Fe-S cluster deficient 1 (Cfd1)
proteins form a heterocomplex that functions as an
essential Fe-S cluster scaffold in the CIA machinery
[14]. Nbp35 and Cfd1 are homologous to each other,
and their sequences have two common features
(Fig. 1): a deviant Walker A box or P-loop motif
(characterized by two lysine residues) [15] and a
CXXC motif at the C-terminal region. Nbp35 has an
additional N-terminal ferredoxin-like domain with a
CX2CX5C motif (Fig. 1). The Nbp35-Cfd1 complex
binds two types of [4Fe-4S] clusters: One is coordi-
nated by the N-terminal cysteine residues of Nbp35,
and the other one binds to the C-terminal CXXC
motif of both Cfd1 and Nbp35, bridging the protein–
protein interaction interface [16–18]. The bridging
[4Fe-4S] cluster is transiently assembled and can be
transferred to apoproteins [17,19,20]. The deviant
Walker A motif is required for ATP binding and
hydrolysis, and the ATPase activity is essential for
in vivo Fe-S cluster assembly and transfer [16,21,22].
The bacterial Nbp35/Cfd1 homolog is named as
alternative pyrimidine biosynthetic protein C (ApbC)
in Salmonella enterica. The ApbC protein can assem-
ble an Fe-S cluster and transfer the cluster to apopro-
teins in vitro [23,24]. Mutations of apbC in S. enterica
prevented the growth on tricarballylate because ApbC
is required for the maturation of tricarballylate utiliza-
tion protein B (TcuB), a [4Fe-4S]-containing enzyme
required for tricarballylate metabolism [23]. The
Walker A and C-terminal CXXC motifs are required
for the in vivo function of ApbC [24]. These results
suggest that the bacterial ApbC acts as an Fe-S cluster
carrier protein that transfers an intact cluster to a
specific target apoprotein (i.e., TcuB).
The Nbp35/ApbC homologs have been identified in
most sequenced archaeal genomes [25], but their physi-
ological function remains unclear. A previous study
showed that several archaeal homologs can comple-
ment the tricarballylate growth deficiency of the S. en-
terica DapbC mutant [26]. Furthermore, the Nbp35/
ApbC homolog from Methanococcus maripaludis (lo-
cus tag: MMP0704)—when heterologously expressed
and purified from E. coli—can be reconstituted in vitro
with an Fe-S cluster [26]. Here, we show that
MMP0704 purified from its native host has a [4Fe-4S]
cluster that can be transferred to the apoaconitase.
Moreover, MMP0704 is nonessential for the viability
of M. maripaludis under our tested growth conditions.
Materials and methods
Strain, media, and culture conditions
Methanococcus maripaludis strains were grown in 28-mL
glass tubes with aluminum seals under 275 kPa of H2 : CO2
(4 : 1, vol/vol) at 37 °C in 5 mL of McN (minimal), McNA
(McN + 10 mM sodium acetate), or McC [McNA + 0.2%
(wt/vol) casamino acids + 0.2% (wt/vol) yeast extract] med-
ium as described previously [27]. The standard McN med-
ium contains 25 µM ferrous ammonium sulfate as the Fe
source and 2 mM sodium sulfide as the S source. The Fe-
limiting McN medium contains 0.5, 1.5, 5, or 10 µM ferrous
ammonium sulfate. The S-limiting McN medium contains
0.04, 0.1, or 0.2 mM sodium sulfide. The standard and Fe-
limiting McN medium contains 3 mM L-cysteine HCl as the
reducing agent, and the S-limiting McN medium contains
3 mM 1, 4-DTT as the reducing agent. The 100-mL cultures
were grown in 1-L bottles pressurized with 138 kPa of
H2 : CO2 (4 : 1, vol/vol). Puromycin (2.5 µgmL1) was
added when needed. When comparing the growth of the
parent strain and the mutant, puromycin was omitted. The
inocula were 0.1 mL of cultures (~ 107 cells) grown in the
same medium per 5-mL culture. The growth was determined
by measuring the increase in absorbance at 600 nm.
Construction of the Dmmp0704 mutant
The replacement of the M. maripaludis mmp0704 gene with
a hpt (8-azahypoxanthine transferase)-pac (puromycin N-
acetyltransferase) cassette was generated in the M. mari-
paludis strain S0001 [28] by double homologous recombina-
tion [29,30]. To make the plasmid p5L-R-mmp0704
(Fig. S1), the upstream and downstream regions of the
mmp0704 gene were amplified from the M. maripaludis
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S0001 genomic DNA. Then, the plasmid p5L-R-mmp0704
was transformed into M. maripaludis S0001 cells by the
polyethylene glycol-mediated transformation [29]. Upon
transformation, genomic integration of the hpt-pac cassette
through homologous recombination was positively selected
with puromycin (2.5 µgmL1). Genomic DNA from colo-
nies of selected transformants were subjected to PCR
amplification to confirm the complete integration (Fig. S1).
Expression and anoxic purification of strep-
tagged MMP0704 from M. maripaludis
The wild-type mmp0704 gene was cloned into the pAW42
vector [28] with an N-terminal strep-tag. The mutations
mmp0704 (D1-19) and mmp0704 (C218A/C221A) were
acquired using the QuikChange II site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, CA, USA). The
resulting plasmids were transformed into the M. maripalud-
is strain S0001 by the polyethylene glycol-mediated trans-
formation [29] for the expression of strep-tagged wild-type
and mutant MMP0704.
The following steps were carried out under anoxic condi-
tions in an anaerobic chamber (Coy Laboratory, Grass
Lake, MI, USA) with an atmosphere of 95% (vol/vol) N2
and 5% (vol/vol) H2. All reagents and buffers were allowed
to sit inside the chamber for at least 2 days to allow com-
plete deaeration. The M. maripaludis cells expressing the
wild-type and mutant MMP0704 proteins were grown in
1-L culture and collected by centrifugation at 4000 g for
10 min at 4 °C. Then, the cell pellets were resuspended in
the binding buffer containing 50 mM sodium N-(2-hydrox-
yethyl) piperazine-N0-(2-ethanesulfonic acid) (HEPES) at
pH 7.5, 300 mM NaCl, and 5 mM MgCl2. The cells were
disrupted by two freeze/thaw cycles with the addition of
Fig. 1. Comparison of conserved motifs of Nbp35, Cfd1, and ApbC homologs based on multiple sequence alignment. The CX2CX5C motif of
the N-terminal ferredoxin-like domain responsible for Fe-S cluster binding is labeled in red; the deviant Walker A motif is labeled in blue; and
the C-terminal CXXC motif for Fe-S cluster binding is labeled in orange. The numbers under each sequence indicate the corresponding
amino acid positions. The selected proteins for comparisons include S. cerevisiae Nbp35 (locus tag: YGL091C), S. cerevisiae Cfd1 (locus
tag: H811_YJM1400I00176), Homo sapiens Nbp35 (locus tag: NUBP1), Homo sapiens Cfd1 (locus tag: NUBP2), S. enterica ApbC (locus tag:
STM2154), Sulfolobus tokodaii Nbp35/ApbC (locus tag: ST0174), Methanosaeta concilii Nbp35/ApbC (locus tag: MCON_0751),
Methanosarcina barkeri Nbp35/ApbC (locus tag: Mbar_A2615), Methanothermobacter thermoautotrophicum Nbp35/ApbC (locus tag:
MTH1176), Methanocaldococcus jannaschii Nbp35/ApbC (locus tag: MJ0283), and M. maripaludis Nbp35/ApbC (locus tag: MMP0704).
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one pellet of the complete EDTA-free Protease Inhibitor
Mixture (Roche, New York, NY, USA) and 10 U of
DNase I (Sigma, St. Louis, MO, USA). The cell lysate was
then centrifuged at 14 000 rpm (23 000 g) for 20 min at
4 °C. The supernatant was loaded onto a Strep-Tactin
(IBA Lifesciences, G€oettingen, Germany) column with
1 mL resin equilibrated with the binding buffer. The pro-
teins bound to the Strep-Tactin resin were washed with the
binding buffer and then eluted with the elution buffer con-
taining 50 mM sodium HEPES (pH 7.5), 300 mM NaCl,
5 mM MgCl2, and 2.5 mM desthiobiotin. The eluted frac-
tions (~ 15 mL) were analyzed by SDS/PAGE and concen-
trated to 0.25 mL with a 30-kDa molecular weight cutoff
centrifugal filter (EMD Millipore, Danvers, MA, USA).
The purified protein was then supplemented with glycerol
to a final glycerol concentration of 20% (vol/vol) and
stored at 80 °C until use.
Analytical and spectroscopic measurements
All analytical measurements were performed in triplicates.
Protein concentrations were determined using the BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Iron was quantified by using the Quantichrom
Iron Assay Kit (BioAssay Systems, Hayward, CA, USA).
UV-visible absorption spectra were recorded on a Nano-
Drop 2000c spectrometer (Thermo Fisher Scientific) with
samples in cuvettes (optic path = 1 cm) sealed with rubber
stoppers under anoxic conditions.
The X-band electron paramagnetic resonance (EPR)
spectra were recorded at 7–10 K with a Bruker EMX spec-
trometer equipped with a standard resonator and an
Oxford ESR-900 helium flow cryostat. Multiple microwave
powers were tested so that resonances were measured under
nonsaturating conditions. The g values were determined by
simulating spectra using EasySpin 5.2.20 [31].
Iron–sulfur cluster transfer and aconitase activity
assays
All following experiments were performed anoxically in an
anaerobic chamber (Coy Laboratory) with an atmosphere of
95% (vol/vol) N2 and 5% (vol/vol) H2. The His-tagged
E. coli aconitase B (AcnB) was purified from the E. coli strain
JW0114 from the ASKA collection [32] following the purifica-
tion procedure as described [33]. To prepare apo-AcnB, the
purified protein was treated with 10 mM EDTA and 10 mM
sodium dithionite (DTH) at 4 °C overnight. To remove free
Fe, the apo-AcnB was then buffer-exchanged using a PD
MiniTrap G-25 column (GE Healthcare, Pittsburgh, PA,
USA) pre-equilibrated with the buffer containing 50 mM
sodium HEPES (pH 7.5), 300 mM NaCl, and 5 mM MgCl2.
For cluster transfer, the apo-AcnB and strep-tagged
MMP0704 were separately pretreated with 5 mM DTT for
30 min. Then, the apo-AcnB (0.2 nmol) and MMP0704
(2.2 nmol protein containing 0.4 nmol of [4Fe-4S]) were
mixed together in a total reaction volume of 10 µL and
incubated for 20 min at room temperature. For the aconi-
tase activity assay, 5 µL of the cluster transfer reaction
mixture (containing 0.1 nmol AcnB and 1.1 nmol
MMP0704) was added to a freshly prepared mixture con-
taining 50 mM sodium HEPES (pH 7.5), 300 mM NaCl,
5 mM MgCl2, 0.25 mM NADP
+, 25 mM sodium citrate,
0.3 mM MnCl2, and 1 µM of His-tagged E. coli isocitrate
dehydrogenase (purified from the E. coli strain JW1122
from the ASKA collection [32]) in a total volume of
100 µL. The aconitase activity was determined by monitor-
ing the formation of NADPH through the increase in
absorbance at 340 nm [34].
Phylogenetic analysis
Protein homologs were identified using BLASTp searches
(https://img.jgi.doe.gov/cgi-bin/w/main.cgi) against selected
genomes. The sequence-based phylogenetic tree was con-
structed with MEGA X [35] using the maximum likelihood
algorithm [36] with bootstrap [37] calculated from 100
repeats.
Results and Discussion
Nbp35/ApbC homologs are highly conserved in
archaea
The Nbp35/Cfd1/ApbC homologs are present in all of
the 292 finished archaeal genomes in the Integrated
Microbial Genomes database (https://img.jgi.doe.gov/
cgi-bin/w/main.cgi). The sequence-based phylogenetic
tree (Fig. 2) shows that the bacterial, archaeal, and
eukaryotic homologs form distinct clades, consistent
with the phylogenetic pattern of ribosomal RNA
genes. This suggests that the ancestral gene of Nbp35/
Cfd1/ApbC was evolved before the divergence of the
three domains, and Nbp35 and Cfd1 are paralogs pos-
sibly evolved by gene duplication in the eukaryotic
common ancestor.
The conserved motifs of Nbp35/Cfd1/ApbC were
examined in the archaeal homologs. The Walker A
motif is conserved in almost all archaeal homologs
(Table 1). The N-terminal CX2CXnC motif, which
binds a [4Fe-4S] cluster in the eukaryotic Nbp35, is
present in about a third of the methanogen homologs
including those in Methanococcales, Methanocellales,
and Methanomicrobiales (Table 1). Nonmethanogen
homologs generally lack the N-terminal cysteines.
The C-terminal CXXC motif, which is the binding site
of a transient [4Fe-4S] cluster in the eukaryotic Nbp35-
Cfd1 heterocomplex, is conserved in almost all metha-
nogen homologs except that in Methanothermobacter
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marburgensis. Some nonmethanogenic archaea do not
have the C-terminal CXXC motif. Furthermore, many
TACK (including Thaumarchaeota, Aigarchaeota, Cre-
narchaeota, and Korarchaeota) archaeal homologs only
have one C-terminal cysteine (Fig. 1).
The Nbp35/ApbC homolog (MMP0704) from
M. maripaludis is a [4Fe-4S] protein
A previous study showed that MMP0704 recombinantly
expressed and purified from E. coli can be reconstituted
in vitro with an Fe-S cluster; however, the cluster type in
the native archaeal host was unclear [26]. In this study,
the strep-tagged MMP0704 was recombinantly expressed
from its native host M. maripaludis and purified under
anoxic conditions. Three lines of evidence demonstrate
that this protein binds an Fe-S cluster(s). (a) The as-puri-
fied (following affinity purification steps inside an anaer-
obic chamber without addition of a reducing agent)
MMP0704 was brownish in color and displayed the
characteristic UV-visible spectrum of a [4Fe-4S] cluster
with a broad absorption at around 420 nm (Fig. 3A).
Addition of 5 mM sodium DTH partially bleached the
protein color and decreased the UV-visible absorption
(Fig. 3A). The Fe-S cluster of MMP0704 is oxygen-la-
bile, as indicated by the decrease of UV-visible absorp-
tion when the protein was exposed to air (Fig. 3B). (b)
Chemical analysis of the Fe content showed that the as-
Fig. 2. Phylogenetic tree of Nbp35, Cfd1,
and ApbC homologs. The evolutionary
history was inferred by using the
maximum likelihood method in MEGA X.
The tree with the highest log likelihood
(20 463.59) is shown. Initial tree(s) for
the heuristic search were obtained
automatically by applying neighbor-join and
BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model,
and then selecting the topology with
superior log likelihood value. A discrete
Gamma distribution was used to model
evolutionary rate differences among sites
[five categories (+G, parameter = 1.2858)].
The rate variation model allowed for some
sites to be evolutionarily invariable ([+I],
4.28% sites). The tree is drawn to scale,
with branch lengths measured in the
number of substitutions per site. This
analysis involved 52 amino acid
sequences. There were a total of 456
positions in the final dataset. The
bootstrap values were calculated with 100
replicates, and values > 50% are labeled
on the nodes. The scale bar represents
0.5 amino acid substitution per site. The
corresponding species of the eukaryotic
Nbp35 proteins (purple), the eukaryotic
Cfd1 proteins (blue), the bacterial ApbC
proteins (green), and the archaeal Nbp35/
ApbC homologs (red) are labeled for each
branch.
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purified MMP0704 contained 0.73  0.08 (mean  SD,
n = 3) Fe per monomer. The substoichiometric Fe con-
tent suggests that the Fe-S cluster is loosely bound to
the protein and may be lost during the purification pro-
cess. (c) The EPR spectrum of MMP0704 reduced by
5 mM sodium DTH has a nearly axial spectrum with
gk = 2.05 and g⊥ = 1.90, characteristic of a [4Fe-4S]
1+
cluster (Stol = ½) [38] (Fig. 3C). In the as-purified state,
only a signal of an organic radical contaminant was
observed (Fig. 3C) [39]. Therefore, MMP0704 is a [4Fe-
4S] protein in M. maripaludis.
The Fe-S cluster binding site was investigated by
mutagenesis of the strep-tagged MMP0704 in M. mari-
paludis. In Saccharomyces cerevisiae Nbp35, both the N-
terminal CX2CX5C and the C-terminal CXXC were
shown to bind a [4Fe-4S] cluster [17,19]. Mutations of
any of the five cysteines strongly affected the total Fe-S
cluster content, suggesting that the N- and C-terminal
Fe-S clusters are cooperative and mutually affect their
stability [19]. Similar to the eukaryotic Nbp35,
MMP0704 contains both N- and C-terminal cysteines
(Fig. 1). In this study, two mutant versions of
MMP0704 were constructed: MMP0704D1-19 (with a
truncation of the N-terminal 19 amino acids) and
MMP0704C218A/C221A. The mutant proteins anoxically
purified from M. maripaludis were both colorless and
showed no characteristic UV-visible absorption
(Fig. S2). Furthermore, the Fe content was not detect-
able (< 0.024 Fe per protein monomer) for both mutant
proteins. These results indicate that both N- and C-ter-
minal cysteines of MMP0704 are required for the bind-
ing/stability of an Fe-S cluster in M. maripaludis,
consistent with the cluster binding properties of the
eukaryotic Nbp35 [17,19]. By contrast, this result contra-
dicts a previous study showed that the N-terminal cys-
teines were not necessary for MMP0704 to complement
the S. enterica DapbC mutant [26]. This discrepancy sug-
gests that the function of the N-terminal CX2CXnC
motif is host-dependent. Possibly, the C-terminal cluster
is stabilized by another factor (e.g., the ISC machinery)
in S. enterica that is missing in M. maripaludis. The lack
of N-terminal cysteines in many archaeal homologs sug-
gests that the properties of this protein family in differ-
ent organisms remain to be elucidated.
The [4Fe-4S] cluster of MMP0704 can be
transferred to apoaconitase
We then investigated the ability of MMP0704 to trans-
fer its cluster to an apoprotein in vitro. The [4Fe-4S]
cluster-dependent E. coli AcnB was tested as a recipi-
ent. Fe-S cluster transfer from the as-purified
MMP0704 to apo-AcnB was monitored by the activa-
tion of AcnB. Although the as-purified MMP0704 or
apo-AcnB individually had no detectable activity, the
incubation of these two proteins together restored
~ 70% of the activity of the as-purified AcnB
(Fig. 3D). This result demonstrates that MMP0704
can transfer a [4Fe-4S] cluster to apoproteins and act
as a cluster transfer protein in methanogens.
The mmp0704 gene is not essential for the
viability of M. maripaludis
To study the physiological function of Nbp35/ApbC
homologs in methanogens, the mmp0704 gene was








No. of homologs containing
an N-terminal CX2CX5-8C motif
No. of homologs containing
a C-terminal CXXC motif
Methanobacteriales 21 21 0 20e
Methanococcales 15 15 15a 15
Methanopyrales 3 3 0 3
Methanocellales 3 3 3b 3
Methanomicrobiales 12 12 12c 12
Methanosarcinales 38 38 2d 38
Methanomassiliicoccales 4 4 0 4
All methanogens 96 96 32 95
Nonmethanogens 196 190 0 129
All archaea 292 286 32 224
a Homologs in Methanococclaes contain an N-terminal CX2CX5C motif.;
b Homologs in Methanocella conradii HZ254 and Methanocella sp.
RC-I contain a CX2CX8C motif; the homolog in Methanocella paludicola SANAE contains a CX2CX6C motif.;
c The homolog in Methanocor-
pusculum labreanum contains a CX2CX6C motif; the homolog in Methanofollis liminatans contains a CX2CX7C motif; the homolog in
Methanosphaerula palustris contains a CX8CX3CX2C motif; other homologs contain a CX2CX5C motif.;
d Homologs in Methanosarcinales con-
tain an N-terminal CX2CX5C motif.;
e The C-terminal CXXC motif is absent in M. marburgensis.
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Fig. 3. The MMP0704 protein purified from M. maripaludis contains a [4Fe-4S] cluster that can be transferred to apo-AcnB. (A) UV-visible
spectra of anoxically purified MMP0704 (20 µM) in the as-purified (red) and DTH reduced (gray) states. (Inset) The as-purified protein was
brownish in color. (B) Oxygen sensitivity of the anoxically purified MMP0704. The red arrow indicates the decrease in the absorbance at
~ 420 nm when the protein was exposed to air. (C) The X-band EPR spectra of anoxically purified MMP0704 (1.2 mM) in the as-purified (top
red trace) and DTH reduced (middle gray trace) states. Both spectra of the as-purified and reduced samples contained an organic radical
contaminant at approximately g = 2.003. A subtracted spectrum for the DTH reduced state (bottom gray trace) is presented, and this
spectrum was simulated as a nearly axial species with gk = 2.05 and g⊥ = 1.90 (dashed trace). Experimental conditions: microwave power,
1 mW; microwave frequency, 9.476 GHz; modulation amplitude, 10 G; temperature, 7.4 K. (D) Activation of the apo-AcnB by [4Fe-4S]-
containing MMP0704. Apo-AcnB was incubated with the as-purified MMP0704, and the aconitase activity was followed by the formation of
NADPH as described in Materials and methods section. As controls, the as-purified MMP0704, apo-AcnB, and as-purified AcnB were
assayed individually. ND, not detectable. Data are mean  SD from three replicates.
Fig. 4. Growth of the M. maripaludis parent strain S0001 (closed circle) and the Dmmp0704 mutant strain (open circle). (A) Growth in the
McC (red), the McNA (purple), and the minimal McN (blue) medium. The standard McN medium contains 25 µM ferrous ammonium sulfate
and 2 mM sodium sulfide. (B) Growth in the Fe-limiting McN medium with 0.5 µM (blue), 1.5 µM (purple), 5 µM (orange), or 10 µM (red)
ferrous ammonium sulfate. (C) Growth in the S-limiting McN medium with 0.04 mM (blue), 0.1 mM (purple), or 0.2 mM (red) sodium sulfide.
Data are mean  SD from three replicate cultures.
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replaced by an hpt-pac cassette as described in Materi-
als and methods. The mutation was confirmed by PCR
(Fig. S1). The growth phenotypes of the M. maripaludis
Dmmp0704 mutant strain and the parent strain S0001
were compared under various conditions. No significant
growth deficiency was observed in rich (supplemented
with acetate, casamino acids, and yeast extracts) or
minimal medium (with CO2 as the sole carbon source)
(Fig. 4A). Furthermore, the Dmmp0704 mutant and the
parent strains grew similarly under Fe-limiting (with
0.5, 1, 5, or 10 µM ferrous ammonium sulfate in the
minimal medium) (Fig. 4B) and S-limiting (with 0.04,
0.1, or 0.2 mM sodium sulfide in the minimal medium)
conditions (Fig. 4C). These results demonstrate that
mmp0704 is nonessential in M. maripaludis under our
tested conditions, consistent with a whole-genome trans-
poson mutagenesis study [40].
Conclusions
We demonstrate that the Nbp35/ApbC homolog
(MMP0704) in M. maripaludis contains a [4Fe-4S] clus-
ter, which can be transferred to a recipient apoprotein.
Similar to the eukaryotic Nbp35, both N-terminal and
C-terminal cysteine residues are important for the bind-
ing/stability of the Fe-S cluster. Although highly con-
served in archaea, MMP0704 is nonessential in
M. maripaludis under our tested growth conditions.
Together, our data suggest that the methanogenic
archaeal Nbp35/ApbC is likely only involved in the Fe-S
cluster synthesis, transfer, or repair under more selective
growth conditions, or its function is redundant with
other Fe-S cluster transfer proteins. The physiological
target(s) of archaeal Nbp35/ApbC awaits further studies.
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Fig. S1. Deletion of mmp0704 in M. maripaludis.
Fig. S2. UV-visible spectra of anoxically purified
MMP0704D1-19 (28 µM, orange trace) and
MMP0704C218A/C221A (24 µM, blue trace) proteins
in the as-purified state.
932 FEBS Letters 594 (2020) 924–932 ª 2019 Federation of European Biochemical Societies
Archaeal Nbp35/ApbC homologs C. Zhao et al.
